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Summary: Nicotine (1.75 mg/kg s.c.) was administered to rats to raise local CBF (ICBF) in various parts of the brain, test the capillary recruitment hypothesis, and de termine the effects of this increase in lCBF on local solute uptake by brain. lCBF as well as the local influx rate constants (K I) and permeability-surface area (P S) pro ducts of e4C]antipyrine and [14C]-3-0-methyl-D-glucose (30MG) were estimated by quantitative autoradiography in 44 brain areas. For this testing, the finding of signifi cantly increased PS products supports the capillary re cruitment hypothesis. In 17 of 44 areas, nicotine treat ment increased lCBF by 30-150%, K I of antipyrine by 7-40%, KI of 30MG by 5-27%, PS product of antipyrine by 0-20% (mean 7%), and PS product of 30MG by 0-23% (mean 8%). Nicotine had no effect on blood flow or influx in the remaining 27 areas. The increases in lCBF and K I The major purposes of blood circulation to and through the capillaries of the brain most certainly are the delivery of nutrients to cells and ligands to receptors and the removal from the parenchyma of locally produced metabolites , messenger mole cules, reactive species such as free radicals, and heat energy. In most instances, useful or meaning ful increases and decreases in blood flow would therefore be expected to be linked to changes in one or more of these functions.
Blood flow changes in capillary systems can , in theory , occur by altering the number of perfused capillaries or by changing the velocity of flow through already perfused capillaries (which might yield some reduction in flow heterogeneity and in volve some microvessel dilation) or by modifying both velocity and number of perfused capillaries. For many years , the generally assumed mechanism of blood flow change in the brain was flow velocity. This assumption was vigorously challenged when Weiss and co-workers (1982) reported that only 50-55% of cerebral capillaries were perfused at one time in anesthetized normal rats and that the per centage of unperfused , recruitable capillaries in the brain was significant. Subsequently , a number of studies-both supporting and opposing "the capil lary recruitment hypothesis" for brain-have been published. In nearly all of these experiments , CBF was increased globally , usually by hypercapnia or hypoxia, and capillary peIfusion was evaluated with circulating plasma or blood markers. As of now, these studies have not settled the capillary recruit ment question for the brain. In addition, most of these reports have not produced data that indicate the impact of blood flow alterations-whatever the mechanism of change-on the delivery and removal of solutes to and from, respectively, the tissue.
A somewhat different experimental tack was taken for the current testing of the capillary recruit ment hypothesis. To be specific, blood flow was increased in some but not all brain areas, capillary recruitment was assessed by measuring permeabil ity-suIface area (PS) products of two readily ex changeable compounds, and the effect of the flow increase on solute influx was determined. To in crease CBF in a limited set of brain areas ("brain activation"), nicotine was subcutaneously injected in young adult Sprague-Dawley rats as previously done by Hans et a1. (1993) . As for the measured parameters, local CBF (lCBF) as well as influx rates and PS products of antipyrine and 3-0-methyl-D glucose (30MG) were quantified in 44 brain areas of control, sham-injected, and nicotine-injected rats using the technique of Chen et a1. (1 994a ,b ).
The specific hypothesis tested with the resulting data is that (a) blood flow rises in the activated ar eas mainly-if not exclusively-by elevating flow velocity and not recruitment of capillaries and (b) this change yields increases in influx across the blood-brain barrier (BBB) that are sizable for highly permeable compounds like iodoantipyrine (lAP), modest for moderately permeable solutes such as antipyrine, and rather slight for less perme able materials, for example, 30MG. If the PS prod ucts are essentially the same in the sham and nico tine-treated groups for both antipyrine and 30MG, then the first part of the hypothesis is upheld; if the percentage increase in the influx is lAP > antipy rine > 30MG, then the second part of the hypoth esis is supported.
MATERIALS AND METHODS

General animal preparation
Animal care, surgical preparation, and experimental procedures were approved by the Institutional Animal Care and Use Committee of the State U ni versity of New York at Stony Brook. They were designed in accordance with federal guidelines developed by the American Asso ciation for Accreditation of Laboratory Animal Care. These procedures have been described previously (e.g., Hans et aI., 1993; Chen et aI., 1994a,b) .
For these experiments, male Sprague-Dawley rats, weighing -300-350 g, were obtained from Taconic Farms (Germantown, NY, U.S.A.). They were anesthetized with 1.5% halothane and a mixture of 69% nitrous oxide J Cereb Blood Flow Metab. Vol. /5. No. 4. /995 and 29.5% oxygen. While anesthetized, femoral arteries and veins were catheterized with PE-50 tubing. The inci sions were infiltrated with lidocaine hydrochloride and then closed with suture. Subsequently, the rats were im mobilized by enclosing the hindquarters and abdomen in a plaster cast. Finally, the animals were carefully placed in a prone position and allowed to recover from surgery and anesthesia for> 2 h before administering radiotracer.
The physiological condition of each rat was determined by measuring arterial blood pressure, blood gases, plasma osmolality, plasma glucose level, and hematocrit during the recovery period and immediately before as well as during the experiment. Rectal temperature was continu ously monitored and kept around 37°C using a heating lamp.
Experimental groups
Five different measurements were made in three sepa rate groups of animals. One group of rats comprised un injected controls (n = 36). The second group of rats re ceived a subcutaneous injection of 0.5 ml of saline (shams; n = 34). The third group of animals (experimen tals; n = 39) was subcutaneously injected with 0.5 ml of a buffered (pH 7.4) nicotine solution (1.75 mg/kg). ICBF was measured in seven controls, seven shams, and eight nicotine-treated rats. The parenchymal distribution vol ume of 1251_serum albumin (RISA) were determined in eight controls, six shams, and seven nicotine rats. The parenchymal distribution volume of 55Fe-Iabeled red blood cells (RBCs) was assessed in seven controls, eight shams, and eight nicotine-treated animals. The influx constants and P S products of antipyrine were measured in eight controls, six shams, and eight nicotine-treated rats. The influx rate constants and PS products of 30MG were determined in six controls, seven shams, and eight nicotine-treated rats.
Radiochemicals and chemicals
The radiotracers used in this work were 4-[N- Sakurada et al. (1978) as modified by Otsuka et al. (l991a) . Approximately 10 min before beginning the infusion of lAP, an extracorporeal arteriovenous shunt was formed by shortening the femoral artery and vein catheters on one side and connecting them with a 1.2-cm length of silicone rubber tubing. The creation of the shunt at this time permitted the cardiovascular system to adjust to the input of shunt blood into the central venous system at "arterial pressure" and to come to a steady state. Pre vious observations indicated that central venous pressure was only momentarily and slightly raised by the-opening of the shunt.
To make the actual measurement of ICBF, a solution containing 50 /-LCi of [14C]IAP in 1 ml of saline was intra venously infused over 30 s with an infusion pump accord-ing to a prescribed schedule that produces a continuously increasing concentration of [14C]IAP in arterial blood over time. During this period, 60-to 80-,.11 samples of arterial blood were collected every 5 s by puncturing the silicone tube portion of the arteriovenous loop with a 22gauge needle attached to a I-ml syringe from which the plunger had been withdrawn. Blood was driven into the syringe by the hydrostatic pressure within the loop. The "sampling time" was considered to be the midpoint of the sampling intervals, which was 2-3 s. For the sham and treated groups, the measurement of lCBF was begun 2.0 min after subcutaneous injection of the nicotine or saline solution and terminated 0.5 min later. As previously re ported (Hans et aI., 1993) , blood flow remains constant throughout the brain over this "steady-state" period.
The rats were decapitated at the completion of the last sampling period, which came -30 s after starting the lAP infusion. The exact time of decapitation was carefully measured. The brains were rapidly removed and frozen in 2-methylbutane cooled to -45°C with dry ice. The frozen brains then were covered by mounting medium (M-l Em bedding Matrix; Lipshaw, Detroit, MI, U.S.A.) and stored at -80°C in plastic bags until the time of section ing. A small aliquot of blood was saved, and the rest was immediately centrifuged to obtain plasma. The 14C radio activity of blood and plasma was determined by liquid scintillation counting.
Local blood distribution spaces
The red cell, plasma, and whole-blood spaces were de termined in groups of control, sham, and nicotine injected rats. The techniques have been described in de tail by Tajima et al. (1992) and Bereczki et al. (1992) and are briefly presented here. These measurements in the present work are used to correct the tissue data for the intravascularly contained 14C label, either antipyrine or 30MG; this is a necessary adjustment when calculating influx rates.
The distribution space of red blood cells in the various brain areas was measured with 55Fe-labeled red cells; these RBCs came from donor rats and were radio tagged with an in vivo labeling method (Lin et aI., 1990) . To begin the RBC experiments, 4 ml of 55Fe-Iabeled blood (0.3-0.4 mCi/rat) was administered into one femoral vein of the experimental animals. The infusion period was 20-25 s in length; during this time, 3 ml of blood was simul taneously withdrawn from the femoral artery. The proce dure was used to maintain blood volume constant and mean arterial pressure steady. For the sham and treated groups, the infusion was begun 1.5 min after subcutane ous injection of nicotine or saline.
For the plasma (albumin) space measurement, 100 fLCi of RISA in 0.25 ml of saline was infused per animal. The infusion period was -5 s. The infusion was begun 1.5 min after subcutaneous injection in the sham and nicotine treated groups.
For both the RBC and RISA experiments, small sam ples of blood (50 fLl) were obtained at 30-s intervals via a femoral arterial catheter. One minute after tracer admin istration, a circulation period adequate for RBC and RISA mixing in the vascular system (Tajima et aI., 1992) , the rats were decapitated by a small animal guillotine. The head was immediately frozen. Subsequently, the brain was removed and prepared as described for the blood flow experiments. Whole-blood and plasma sam ples plus sets of standards (made with brain homogenates and unused radiotracer-containing injection solution) (Be reczki et aI., 1992) were counted by liquid scintillation e5Fe activity) or gamma e251 activity) counting. Tissue radioactivity was assayed by quantitative autoradiogra phy as previously described (e.g., Bereczki et aI., 1992; Tajima et aI., 1992) and reviewed herein.
Blood-to-brain transfer constants
The blood-to-brain transfer constants of radiolabeled antipyrine and 30MG were determined in separate groups of animals using the technique of Otsuka et aI., (1991b) and Chen et al. (1994a,b) . These two particular radiotracers were chosen because (a) their tissue activi ties can be accurately assessed by quantitative autoradi ography; (b) the experimental technique for assessing their influx is identical to the one used to measure lCBF; (c) their influx rates are great enough to be measured accurately for an experimental period of 30 s; and (d) the time of making the influx measurements relative to the time of subcutaneous injection can be identical to the one used for the blood flow determinations.
Two markers, rather than just one, were employed to provide a more complete testing of the capillary recruit ment hypothesis and a somewhat broader exploration of the effects of blood flow increase on solute influx. As far as the mechanism of permeation through the BBB, an tipyrine simply dissolves in and diffuses through the ce rebral capillary wall, whereas 30MG crosses the BBB mainly via the GLUT-l transporter (carrier-mediated transfer). The passage of 30MG across the BBB is thus not simple and depends on a number of variables includ ing blood flow, capillary surface area, the number of func tional glucose transporters per unit membrane area, and the concentration of cold glucose in the plasma.
To initiate these experiments, 50fL Ci of 14C-labeled an tipyrine or 30MG in 1 ml saline was infused through one femoral vein catheter over 30 s using an infusion schedule that yielded a linearly rising concentration of radiotracer in arterial blood. The details of the rest of this procedure have been given previously for the lCBF technique and by Otsuka et al. (1991b) and Chen et al. (l994a, b) . As already mentioned, the transfer constant experiments were designed to be identical to the blood flow ones, thereby ensuring a comparable physiological state in all groups of rats and a more reliable estimation of the P S product.
Quantitative autoradiography
Tissue radioactivity was assayed by quantitative auto radiography in 44 brain areas. This procedure has been previously described (e.g., Otsuka et aI., 1991a,b; Berec zki et aI., 1992 Berec zki et aI., , 1993a . In brief, 20-fLm-thick coronal sec tions of frozen brain were serially cut in a cryostat set at -17°C starting at the level of the area postrema and end ing at the rostral part of the caudate-putamen. The first and fifth sections in each series were taken for histolog ical preparation, and the intervening three sections were prepared for autoradiography. The next 15 sections were discarded. This sectioning routine was repeated every 400 fLm. The sections for quantitative autoradiographic anal ysis were placed in x-ray cassettes along with an appro· priate set of standards and a sheet of x-ray film (SB-5; Kodak, Rochester, NY, U.S.A.). Commercial standards were used for 14C quantitation (American Radiolabeled Chemicals). The 55Fe and 1251 standards were made from brain homogenate plus a small portion of the radiotracer-containing injection solution that were subsequently fro zen and cut in the cryostat at the same time and in the same way as the brain sections (Bereczki et al., 1992) .
Tissue '4C, 55Fe, or '251 radioactivity was assessed from the autoradiograms by an image analysis system (MCID: Imaging Research, St. Catharines, Ontario, Can ada). For each film, the image-processing system gener ated a mathematical relationship between optical density and radioactivity from the standard data and converted the tissue optical density reading to radioactivity. Densi tometric readings were taken with a cursor-controlled cir cular reading frame. For each animal, the radioactivity in each of the 44 areas was evaluated from the autoradio grams by making 6--12 separate readings from three to six sections that spanned that structure; these numbers were then averaged to get a single value for that area in that animal. Areas of interest were identified with a stereotax ic atlas (Paxinos and Watson, 1982) and the adjacent his tological sections.
Calculations
ICBF was calculated from the lAP data from blood and tissue and the working equation presented by Sakurada et al. (1978) . The lAP partition coefficient was set at 0.8 ml/g for both white and gray matter in accordance with the measurements of Sakurada et al.
The parenchymal distribution spaces of RISA, RBCs, and radiolabeled whole blood (the sum of the RISA and RBC spaces) were calculated by the standard equations (Bereczki et al., 1992; Tajima et al., 1992; Blasberg et al., 1983) . The microvascular hematocrit was calculated by dividing the RBC space by the whole-blood space.
Following the approach of Chen et al. (I 994a,b) , the influx constant (K,) was estimated from the blood, plasma, and tissue data and the following equation (Namba et al., 1987; Otsuka et al., 1991b) :
where a(T) is the amount of radiolabeled antipyrine or 30MG in the tissue outside of the capillaries at the end of the experimental period (T), KI is the influx constant of the radiolabeled substance, A is the tissue/blood partition coefficient of the substance, and C(t) is the concentration of the substance in plasma (30MG) or whole blood (an tipyrine) at any time t.
To obtain a(T) for each area, the local tissue '4C activ ity measured by quantitative autoradiography was ad justed by subtracting the amount of radioactivity con tained in the blood vessels within the tissue (local micro vascular radioactivity). For antipyrine, which is distributed in both red cells and plasma, the amount of local microvascular radioactivity is the product of the lo cal tissue red cell space and the antipyrine radioactivity of the final red cell sample plus the product of the local tissue plasma space and the antipyrine radioactivity of the final plasma sample. For 30MG, which distributes only in the plasma during the 30-s experimental period, the amount of local microvascular radioactivity is the product of the local tissue plasma space and the 30MG radioac tivity in the terminal plasma sample.
Antipyrine distributes in plasma water and red cells and binds to plasma proteins. Preliminary experiments indi cated, however, that all blood-contained antipyrine is ex changeable; accordingly, whole-blood concentration (Cb) J Cereb Blood Flow Metab, Vol. IS, No.4, 1995 was used in the calculation of KI for antipyrine. For 30MG, plasma concentration (Cp) was used because 30MG is present only in plasma water in the rat in a 30-s experiment. The partition coefficient A was set at 0.91 for antipyrine (Sakurada et al., 1978) and 0.55 for 30MG (Namba et al., 1987) .
To calculate PS products with the approach of Chen et al. (1994a,b) , K, was first converted to K1w, which is the influx constant relative to plasma water concentration (the explanation for this adjustment is given later on). For 30MG, K1w of 30MG was calculated by multiplying K, by the plasma/plasma water concentration ratio (Cp/Cw = 0.92). For antipyrine, K1w was calculated by dividing K, by [(Cp/Cb)/(Cp/Cw) = 1.10]. The PS product was esti mated from K, w by means of the Renkin-Crone equation (Renkin, 1959; Crone, 1965) :
where F v is the volume flow through the capillaries of all the compartments of the blood that contain exchangeable material normalized to plasma water concentration; the latter is the driving force for influx and sets the influx rate (Chen et al., 1994b) . This "normalized flow" Fv is never less than plasma water flow but can be greater than blood flow if a large portion of the exchangeable material is reversibly bound to plasma proteins and/or red cell con stituents.
Incidentally, the Renkin-Crone equation was derived for a solute passively transported from the fluid within the capillary into an infinite tissue sink or reservoir. Applying this equation to a substance that does not passively move across the capillary wall, as is the case with 30MG, begs some comment. First, the PS product is an effective per meability-surface area product for that particular condi tion. The glucose concentration in plasma water is one of the more important physiological variables involved in setting the "condition" and the resulting PS product. As long as the physiological status is identical or nearly so among the various groups, the Renkin-Crone equation holds for 30MG. Second, the experiments were short in duration relative to the influx rates and tissue distribution spaces of the two radiolabeled substances; the tissue was thus functionally an infinite sink. This was ascertained by varying the partition coefficient from 0.15 (the extracel lular space) to infinity and finding that K, (Eq. 1) was virtually independent of the partition coefficient for val ues of A > 0.3.
In rats, 30MG does not rapidly move in and out of the red cells, a process facilitated by a high density of GLUT-l transporters in human erythrocytes (Gjedde et al., 1981; Gjedde and Diemer, 1982) . Furthermore, 30MG does not associate with plasma proteins, which make up -8% of plasma volume; for 30MG, the normal ized rate of flow is thus
where Hct and F are arterial hematocrit and blood flow, respectively, in either control, sham, or nicotine-treated groups. As previously stated, antipyrine not only dis solves in plasma water, but also associates with plasma proteins and passes into blood cells. The normalized flow of exchangeable antipyrine is therefore given by
where Cp is the concentration of antipyrine in plasma and Cb is the concentration in whole blood. For [14C]antipy rine, the measured ratios were Cp/Cw = 1.02 and Cp/Cb = 1.12.
Statistical analysis
The unpaired t test was used to compare the differences in blood. chemistry between groups. In this and all other statistical testing, p "" 0.05 was assumed to indicate sig nificance.
The ICBF data are presented as means ± SD. The mean blood spaces were calculated as the sum of the mean RBC and mean RISA spaces. The method of cal culating the SD of the mean blood space has been de scribed (Bereczki et aI., 1993; Wei et aI., 1993) . For each brain area in each experiment, the mean ICBF rates and mean blood spaces plus the antipyrine or 30MG data are combined in various ways (Eqs. 1-4) to calculate Kl and P S for each experiment. Because there is some inherent error (variance) in the mean flow rates and distribution spaces, the variances of the mean Kl and PS values were obtained with appropriate approximations (Kendall and Stuart, 1958) and were used to produce the SDs of these estimates.
The significance of differences between the control and hypoxic groups for all of the measured parameters was assessed by analysis of variance with repeated measures. When group (control versus treated) with structure (brain areas) interaction is significant, then the differences be tween control and treated groups are significant, and the size of these differences varies significantly among brain areas.
RESULTS
The physiological conditions of the rats before beginning the experiments were the same among the controls, shams, and nicotine treated. At 1.5-2.0 min after the subcutaneous injection of saline (shams) and nicotine, MABP, plasma glucose con centration, plasma osmolality, arterial hematocrit, and body temperature were normal and similar in all groups. Modest but not statistically significant dif ferences in pH, Peo2, and P02 were recorded be tween the sham and nicotine rats. For example, the mean ± SD values for sham (n = 6) and nicotine treated (n = 8) rats used for the antipyrine experi ments were as follows: pH = 7.41 ± 0.03, 7.44 ± 0.03; Peo2 = 39.5 ± 3.7, 36.3 ± 4.1 mm Hg; P02 = 81.6 ± 8.1, 90.5 ± 6.9 mm Hg. The nicotine-treated rats were thus slightly alkalotic, hypocapnic, and hyperoxic, possibly the result of nicotine stimula tion of chemoreceptors (e.g., those in the carotid body) and respiration. These physiologic findings are identical to those previously published from this laboratory for other sham-injected and nicotine treated rats (Hans et aI., 1993) . As will be shown later, these slight deviations between sham and treated rats were not sufficient to alter any of the measured cerebrovascular functions in brain areas that were not activated by nicotine.
ICBF
ICBF was very similar in control and sham ani mals for each brain area (Fig. lA) . Given this sim ilarity, the ICBF data for nicotine-treated rats will hereafter be related to only those for the shams.
From 2.0 to 2.5 min after nicotine administration, ICBF was clearly elevated in just 17 of the 44 brain areas studied (Fig. lB) ; the differences between shams and treated groups were significant (p < 0.01; group with structure interaction). These re sults resemble those previously published from this laboratory for the period of 1.5-3.0 min after nico tine injection (Hans et al., 1993) . The nicotine affected areas are listed in Table 1 ; all of these areas are gray matter structures. The unaffected gray matter areas of the hindbrain include three medul- which indicates no differences in ICBF between control and sham groups. B: ICBF in nicotine-treated rats versus ICBF in shams for 44 brain areas. The points for 17 areas (indicated by the triangles) lie considerably above the line of identity;
ICBF was significantly raised in these areas by nicotine treat ment. lary structures (the inferior olive , solitary tract , and external cuneate nuclei) , three cerebellar areas (the cortex and fastigial and interpositus nuclei), three pontine structures (the superior olive, sensory nu cleus of the trigeminal nerve , and pontine nuclei), and four midbrain areas (the inferior colliculus , pe riaqueductal gray matter , red nucleus , and substan tia nigra). lCBF was not affected by nicotine in the six white matter structures examined. The unaf fected gray matter areas of the forebrain include three parts of the hippocampus , three parts of the caudate-putamen , the globus pallidus , the medial mammillary and ventromedial nuclei of the hypo thalamus , the ventral posterior nucleus of the thal amus , the medial preoptic area , the amygdala, and the nucleus accumbens.
RBC, RISA, and blood spaces
The RBC and RISA spaces for each of the 44 areas were similar among the control , sham , and nicotine-treated groups. This was true for both the 17 nicotine-activated areas as well as the unaffected ones. Identical findings have been recently reported in more detail by Hans et al. (1993) .
The radioactive blood spaces in each area were nearly identical for controls and shams (data not shown), control and nicotine groups (data not shown) , and sham and nicotine groups (Fig. 2) . Nic otine had little effect on the distribution of RISA, RBCs , and blood within brain microvascular sys tems. In the present study , these spaces are used for correcting the antipyrine and 30MG data for 14 C radioactivity contained in blood within the tissue sections; the correction is thus similar for each area among control , sham , and treated groups. 
Antipyrine transfer constants and PS products
In controls and shams , the transfer constants of antipyrine ranged from � 38 ml 100 g -I min -I for the six white matter areas (Fig. 3A) to 142 ml 100 g -I min -I for the inferior colliculus and superior olive. The differences in Kl of antipyrine between the· controls and shams were slight for each area , were not statistically significant, and are probably indicative of the experimental variability in this measurement between two "control" groups.
The antipyrine influx rate constants in many brain areas were similar for sham and nicotine-treated groups but tended to be higher in treated rats than in Each plotted point represents the Vb data for a Single brain area. The points for the 17 areas in which local CBF was significantly raised by nicotine are marked with triangles; they lie on or slightly above the line of identity. The differ ences in Vb between the two groups are not significant.
shams for the 17 areas with increased blood flow ( Fig.  3B ; Table 1 ). The differences in KI of antipyrine be tween the sham and nicotine groups varied among the structures and were significant (p < 0.001; group with structure interaction). This is the result of the siz able-but divergent�iff erences in KI between sham and treated groups for the 17 areas of increased ICBF. Although there was a tendency for the PS prod uct of antipyrine to be greater in the nicotine group for many areas (larger by 7% , on average), the vari ations in antipyrine P S products between the shams and treated groups were not significant ( Fig. 4; Ta  ble 1 ). This indicates that nicotine treatment does not elevate CBF to any appreciable extent by cap illary recruitment.
30MG transfer constants and PS products
The transfer constants of 30MG for each brain area were similar in controls and shams; they areas in which nicotine raised local CBF (indicated by the triangles) lie considerably above the line of identity and dem onstrate that nicotine treatment significantly increased an tipyrine influx in these areas. ranged from �8 ml 100 g -I min -1 for the six white matter areas (sham data on the x-axis of Fig. 5A ) to 32 mllOO g -I min -I for the inferior colliculus and superior olive. The differences in KI of 30MG be tween the controls (data not shown) and shams were not statistically significant. The 30MG influx rate constants appeared to be somewhat higher in treated rats than shams for the 17 areas with increased blood flow ( Fig. 5A ; Table  1 ), but were virtually identical in the rest of the brain. The differences in KI of 30MG between the sham and nicotine groups were not significant when all 44 areas were included, but almost reached the chosen level of significance when only the 17 areas of increased flow were analyzed (p = 0.052).
For each of the brain areas in which flow was unaffected by nicotine, the PS products of 30MG were nearly the same for the sham and nicotine groups (Fig. 5B ). In the areas where nicotine raised ICBF, the P S products tended to be a little higher (on average, 8% larger) in the treated rats than in the shams (Table 1 ). The variations in PS products of 30MG between the shams and treated groups were not, however, statistically significant. This finding argues that capillary recruitment is not the mechanism by which nicotine raises CBF.
DISCUSSION
The nicotine model of brain activation offers sev eral attractive features for studying cerebrovascular where the points would lie if the values of these transfer numbers were identical in the two groups. Each plotted point represents the values for a single brain area. A: K1-30MG in nicotine-treated rats versus K1-30MG in shams. The K1-30MG points for the 17 areas in which local CBF (ICBF) was raised by nicotine are indicated by the triangles. The trian gles fall slightly but not significantly above the line of identity and show marginally increased 30MG influx in these areas. B: PS-30MG in nicotine-treated rats versus PS-30MG in sham animals. PS-30MG values were derived from the mean values of K1 and ICBF for the 44 brain areas. The triangles indicate the 17 brain areas where nicotine raised ICBF. The PS-30MG points scatter around the line of identity; the tri angles (treated group) tend, however, to lie somewhat above the line. The differences in PS-30MG are not significant be tween the two groups.
function. First, from 1.5 to 3.0 min after injecting 1.75 mg/kg s. c. of nicotine, blood flow rises and remains constant in three groups of cerebral areas but is unchanged in the rest of the brain (Hans et aI. , 1993) . This 90-s steady-state period provides a rea sonable window for the measurement of blood-to brain transfer and other microvascular functions immediately following an acute, localized change in blood flow and brain activity. Of course, such a condition is required for these measurements be cause the various models and equations used to cal-J Cereb Blood Flow Metab. Vol. 15, No.4, 1995 culate blood flow, transfer rate, and permeability assume a steady state. Second, the brain areas where blood flow is un affected by nicotine injection serve as internal con trols on the performance of the experiments and indicators of the general physiological state of the microvascular systems. In the present case, the treated rats were slightly alkalotic, somewhat hy pocapnic, and modestly hyperoxic relative to the shams. These differences in physiological state had no effect on cerebrovascular function since ICBF (circles in Fig. lB) , blood space (circles in Fig. 2) , K] (circles in Fig. 3B ), and PS product (circles in Fig. 4 ) of antipyrine plus K] (circles in Fig. 5A ) and PS product (circles in Fig. 5B ) of 30MG were un affected in 27 of 44 brain areas.
Third, this response, because of its localized na ture, appears to involve mainly the parenchymal arterioles as the effector or regulating precapillary vessels. The brain areas of increased flow range from structures served by the anterior circulation (three cortical areas and four thalamic nuclei) to several perfused by the posterior circulation (occip ital cortex and various midbrain structures). The responses were thus not specific to one or the other of the major cerebrovascular divisions and involved some subcortical and brainstem areas but not oth ers. Nicotine activation contrasts with global per turbations such as hypercapnia and hypoxia, which affect virtually all brain areas and also act directly on pial arteries and arterioles (Raper et al., 1971; Kontos et aI. , 1978; Wei et aI., 1984) .
Finally, local cerebral glucose utilization (lCG U) has been measured in rats treated with 1.0 mg/kg nicotine given either subcutaneously (London et aI. , 1988a,b) or intraperitoneally (McNamara et aI., 1990) . The results from these experiments indicate that lCGU, determined over a 45-min period, was raised in brain areas such as the anteromedial and anteroventral nuclei of the thalamus, the lateral and medial geniculate bodies, and the habenulopedun cular pathway. As pointed out previously (Hans et aI. , 1993) , the correlations between the areas of nic otine-raised lCGU and ICBF are good in most in stances despite some differences in the experimen tal conditions among the several studies; the most notable exceptions to this generality are the cortical areas where ICBF is markedly elevated but lCGU is only marginally raised. The localized increases in ICBF probably are driven mainly by elevated brain metabolism and neural activity in the nicotine stimulated areas. A similar conclusion has been made by Grunwald and co-workers (1987, 199 1) from their data from long-term experiments with continuous intravenous infusions of nicotine.
Capillary recruitment hypothesis
The capillary recruitment hypothesis has gener ally been examined when blood flow was globally increased by either hypoxia or hypercapnia. Some support for the recruitment hypothesis comes from studies with hypoxia; in the following discussion, these data will be reviewed first. Hypercapnia yields the largest increases in blood flow and has been the perturbation most often used for the test ing of the capillary recruitment hypothesis; these results will be analyzed second. Finally, the find ings from work with localized (nonglobal) changes will be considered.
In the reports that kindled the interest in the cap illary recruitment hypothesis, Weiss and co workers (Weiss et al., 1982; Francois-Dainville et al., 1986; Grover et al. , 1986; Weiss, 1988; Kissen and Weiss, 1989) noted that only �50% of rat brain capillaries are labeled by fluorescent plasma mark ers within 15 s of injection and that when exposed to moderate (P a02 = 48-50 mm Hg) or severe (P a02 = 40 mm Hg) hypoxia, the percentage of perfused la beled capillaries rose to �70 and 90%, respectively. Shockley and LaManna (1988) found in the rat that cortical flow was increased by hypoxia (P a02 = 49 mm Hg) from 150 to 260 ml 100 g -1 min -1 , mean transit time dropped from 1.4 to 1.1 s (indicative of a velocity increase), and cortical microvessel blood volume enlarged from 0.034 to 0.048 ml/g (a 40% increase), suggestive of recruitment on the order of that reported by Weiss and co-workers.
Two reports from our laboratory have used the same model of hypoxia and assessed two different indicators of recruitment, P S products of antipyrine and 30MG (Chen et al., 1994a) and the distribution spaces of radiotagged red cells, serum albumin, and whole blood in small parenchymal microvessels (Bereczki et al., 1993a) . Severe hypoxia (P a02 = 32 mm Hg) raised ICBF by 25-90% throughout the brain, significantly increased the microvessel blood spaces by 17-40% in 10 areas (most increases were �20%), but did not significantly alter them in the remaining 31 areas (Bereczki et al., 1993a) . In gen eral accordance with this, Chen et al. (1994a) found that the P S products of antipyrine were slightly raised in some brain areas by hypoxia and unaltered in the rest of the brain and that the PS products of 30MG, after correction for the differences in plasma glucose, were unchanged throughout the brain by hypoxia.
To analyze these various findings, the technique of Weiss and co-workers has been criticized on technical grounds (Kuschinsky and Paulson, 1992) and may be misleading. The microvessel volume determinations of Shockley and LaManna (1988) and of Bereczki et al. (1993a) suggest that severe hypoxia increases the number of perfused mi crovessels by 15-40% in a few brain areas. This "recruitment" could, however, be due partly to some dilation of not only arterioles and venules but also capillaries, as was recently reported by Atkin son et al. (1990) and Duelli and Kuschinsky (1993) . The volume of a blood vessel is proportional to its radius squared (?-), whereas the surface area is pro portional to r. Microvessel dilation would thus have less effect on S (and the PS product) (Chen et al. , 1994b ) than on microvessel blood volume (Shockley and LaManna, 1988; Bereczki et al., 1993b) . Ac cordingly, the PS product appears to be a better indicator of capillary recruitment than does the mi crovessel blood volume, and the findings of little or no capillary recruitment by Chen et al. seem to be more reliable than the reports of some capillary re cruitment by Shockley and LaManna and Bereczki et al. To summarize for hypoxia, the capillary-labeling studies of Weiss and colleagues all show a near dou bling of the number of perfused capillaries in a va riety of brain regions, but these data have been se verely questioned on technical grounds by Kuschin sky and Paulson. The blood volume changes reporteq by Shockley and LaManna and by Berec zki et al. suggest lesser but appreciable recruitment in at least a few brain areas with hypoxia, but this apparent "recruitment " could be due mainly to mi crovessel dilation. The PS product data imply that hypoxia caused up to a 20% increase in the number of perfused capillaries in some brain areas, but no capillary recruitment in the rest of the brain. The best, most comprehensive conclusion that can be drawn is that hypoxia greatly elevates the velocity of blood flow through all perfused capillaries and may slightly increase the number of perfused capil laries in a few brain areas.
To begin the consideration of hypercapnia and the recruitment hypothesis, co-workers (1989-1991) , Vetterlein et al. (1990) , and Villringer et al. (1991) observed that nearly all capillaries were almost instantly labeled by plasma markers in con trol rats and argued that all capillaries were nor mally perfused and no recruitment was possible. In support of this suggestion, Gobel et al. (1989) and Villringer et al. (1991) also found that raising arte rial CO2 did not increase the number of plasma perfused or plasmatic capillaries, and Raichle et al. (1976) reported that elevating the rate of blood flow by altering P aco2 did not enlarge the P S products of three BBB-permeable alcohols plus water.
Although the preceding studies do not support the capillary recruitment hypothesis, other results suggest that CBF increases with hypercapnia, at least in part, by perfusing more capillaries. In rat brain, hypercapnia has been reported to increase blood flow by severalfold and elevate microvessel blood volumes by 20--30% (Shockley and LaManna, 1988; Bereczki et aI., 1993b) ; as discussed previ ously, this volume increase could be due partly to microvessel dilation. Phelps et ai. (1981) measured the single-pass extraction and PS product of [,3N]ammonia in monkeys and dogs when blood flow was raised by several perturbations-including hypercapnia-and fit the flow and PS product changes with a saturable recruitment model of cap illary bed function (in this model, flow increases by both perfusing more capillaries-up to some maxi mum-and raising flow velocity). Consistent with this, the extraction fractions and PS products de termined for several compounds in humans by the indicator diffusion method show that hypercapnia raises the number of perfused capillaries and also elevates the velocity of blood flow in brain (Hertz and Paulson, 1982) ; however, the latter data were reanalyzed and found to be more consistent with a model of heterogeneity of cerebrovascular transit times than capillary recruitment (Kuschinsky and Paulson, 1992) . Chen et ai. (1994b) , in a study of hypercapnic rats that used the same methodology as in the present work, measured 150--250% in creases in ICBF, a small rise in the PS product of antipyrine in nearly all gray matter structures (which averaged 17% and was statistically signifi cant), but no change in the PS product of 30MG; it was suggested by the authors that these data plus those of Bereczki et ai. (1993b) are consistent with a model of hypercapnic effects of greatly increased blood flow velocity throughout the brain, modest (�15-20%) capillary recruitment in most areas, some microvessel dilation (mainly in forebrain gray matter and white matter), and diminished glucose carrier capacity at the BBB.
In summary, hypercapnia provokes the greatest increases in CBF among the various blood flow stimulating conditions. Studies of the mechanism of this flow increase have, however, yielded a sizable body of conflicting data and only limited support for modest «20%) capillary recruitment. As of now, the best that can be said is that the rise in ICBF produced by these models of relatively severe, acute hypercapnia is mainly the result of a large elevation in blood flow velocity, which may be fa cilitated by some vasodilation, in all cerebral micro vascular systems. With respect to this, it is possible that (a) all cerebral capillaries are perfused by plasma and most by red cells but the velocities of these flows vary among capillaries (Kuschinsky and Paulson, 1992; Tajima et aI., 1992) and (b) recruit ment is really a rise in the speed of red cell and plasma flows in all brain capillaries with a much greater increase in the lower than higher velocity capillaries, which reduces transit time heteroge neity within cerebral microvascular systems (Kuschinsky and Paulson, 1992) .
In a study of the localized changes in cortical blood flow in the rat following whisker stimulation, Cox et ai. (1993) report that blood flow was raised in the appropriate part of the whisker barrel cortex and that the velocity of blood transfer through that system of microvessels was increased. In support of capillary recruitment, Wall and Gross (1992) found that electrical stimulation of the area postrema, a clearly nonphysiological input into the nervous sys tem, increased both blood flow and the PS product of a-aminoisobutyric acid by the same percentage in several brainstem areas that receive projections from the area postrema. The results of the present study and those of Hans et ai. (1983) indicate that nicotine does not significantly raise blood volumes (Fig. 2) or PS products of antipyrine ( Fig. 4) and 30MG (Fig. 5B) ; these data thus argue strongly against significant capillary recruitment when CBF is elevated by nicotine.
In summary, the dominant mechanism by which blood flow increases during hypercapnia, hypoxia, and local neural activation by nicotine or whisker stimulation is raised velocity of flow. Capillary re cruitment seems to play little or no role in the in crease in lCBF under these various physiological and pharmacological conditions.
Effects of velocity increase on blood-brain exchange
Elevating blood flow by nicotine, regardless of the mechanism, results in a sizable increase in the influx and efflux (clearance) of substances with ex traction fractions of >0.4. lAP is used as a blood flow indicator because its extraction (E) is very high and nearly complete (E > 0.95) (Sakurada et aI., 1978; Sawada et aI., 1989 Sawada et aI., , 1990 . The influx of lAP and other flow-limited materials is denoted as "ICBF," but is actually less than the real rate of blood flow. Of course, as blood flow increases in any tissue or area, the rate of influx becomes less dependent on flow and more on the permeability or PS product. In this situation, the influx rates of var ious "flow-limited" substances may now diverge appreciably from each other and from the actual rate of blood flow.
Ethanol, butanol, and nicotine itself are examples of flow-limited, highly permeable materials, and the action of nicotine on their rates of influx is probably modeled closely by lAP influx (shown in Fig. 1B and labeled there as lCBF). Although O2 is highly permeable because of its sizable lipid solubility, O2 influx from blood to brain depends to some extent on its rate of dissociation from hemoglobin and pas sage out of red cells. This set of processes will be come more limiting of O2 influx when CBF rises and can possibly result in a significantly lesser increase in O2 influx than lAP influx. As for efflux, nicotine induced flow increases would strongly raise the clearance of heat energy and gases such as CO2 and nitric oxide, appreciably lower their effective tissue "concentrations, " and diminish their potentially deleterious effects on brain cells.
Antipyrine is an example of a substance with an extraction fraction in the range of 0.50-0.70 under normal conditions (Crone, 1965 ; also calculated from present sham data). Figure 3B illustrates the extent to which the influx of such substances will be enhanced (�25%) when blood flow rate and veloc ity are raised by nicotine. For antipyrine and like compounds, blood-to-brain influx is clearly in creased, but not as much as that of more permeable substances such as lAP. The influxes of labeled wa ter (control E = 0.80-0.85) and caffeine (control E = 0.7�0.75) are partially flow limited, and the ef fect of nicotine on the influx rates of these two ma terials would, in theory, be greater than that on an tipyrine (Fig. 3B ) but less than that on lAP influx (Fig. lB) .
The extraction fractions for 30MG calculated from the sham ICBF and K) data range from 0.2 to 0.3 among the 44 areas. For compounds with similar extraction fractions, Fig. 5A shows the extent to which nicotine-generated flow increases would en large their influx into brain, namely, � 15%. Inci dentally, influx increases when the velocity of in tracapillary blood flow rises because the mean in tracapillary concentration, which is the driving force for influx, becomes higher. For 30MG and glucose, however, influx could also be altered inde pendently from velocity and mean intracapillary concentration by changing the glucose transport system of the BBB, as has been suggested by Hertz and Paulson (1982) As for substances with relatively low permeabil ities and extraction fractions (E � 0.2) , increasing flow velocity only slightly alters their rates of blood-brain influx because their mean capillary concentrations are normally nearly equal to arterial concentration and can only be slightly raised by in creasing flow velocity. If capillary recruitment did occur and accounted for much of the increase in flow (in the present case, an increase of 3�150%; see Fig. lB ), then the flux of substances with low extraction fractions would be increased proportion ally. A major purpose of the BBB is to restrict the entry of such materials; this function would be di minished if flow rose to a large extent by capillary recruitment. At least in theory, varying ICBF by changing velocity maintains the barrier function of the BBB (restricted transport) in the presence of increased metabolic and blood flow demand.
In accordance with this, the principal function of blood flow changes in the brain may be to regulate the exchange of moderately to highly permeable substances such as the diffusible gases (02, CO2, and NO) and heat energy without compromising barrier function, whereas the alteration of blood brain exchange of less permeable substances, par ticularly those needed to support brain metabolism and activity, may be effected at the BBB virtually independently from blood flow changes. The pres ence of various transporters in brain capillary en dothelium fits with this notion.
